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SUMMARY IR

Tosts have been conducted abt Reynolds.numhers up to 8,000,000
to determins the effectivencss of e reflex~cambered mean line in
shifting the low-drag rangs of e highly tapered, moderately swept—
back wing without materislly affecting the longltudl al stability,
Two models wers tegted, one with symstrical alrfoii sections and
the other with the same basic thickmess forms but wibth a reflex—
cambored meen lins.

The results of these tests show the foll&wing'effeété of the
reflex—canmbered mesan line: (1) the upper limit of the low-dreg
rangs wag shifted from 'a 1if% coefficient of about 0.35 to ebout O, 65;

. (2) airplens trim was. uwnaffected at zero lift bubt st low lift coef—
'flcienbs the  newbral point was moved forward ebout 2 porcont of the

mean serodynamic chord end at 1ift coef?iclents boyond the low-drag
range the forward shift in the ;asutral point was more sovere;

{3) the wing stall was delayed but, onece svarted, progressed more
rapidiy; and {4) the maximm 1lift coefficien‘a if the wings were
trimmed, would be slightly Ilncreased,.’ P

PR S

INTRODUCTION S

. In selecting the ailrfoll sectlions %o be employed. in the design
of a talllesg alrplane, en imporbtant consideration is the wing pitching
moments which, for trim requiremrrbs, must. remgin moderate. Because
of their low drag gqualities, NACGA- 6—863;'165 airfoils are dssirable
for high-speed and long-sengs operations end, i symmetrical, have
moderate pitching moments, The 1lift coe;fficien:bs encompasing the
crulsing conditions.are, however, generally above the low-drag rangs
of practical gymmstricel airfolls. - -Adding camber end reflexing the
mean line offers a possibility of shifting ths low-drag range of the
wing to include higher 1ift coeffiéients- without materially affecting
the pitching momsnt. Tests were conducted in the Langley 19-foot '



'NACA TN Fo 1212

pressure tummel of two highly ta.p?d, moderately swept-back wings of

identical plan form, , One of the

ngs wes of NACA 6-series symmetrical

alrroil ssctions and the other wing incorporated the seame baslc alrfoll
sections but had cembered and reflexed mean lines, The Reynolds number
rangs for these tests wes from 3,000,000 to 8,000,000,

Mf

CDi

SYMBOLS

1ift coefficient (L/qS)
drag coefficlent (D/qS)

profile-drag coefficient (CD - CDi) from force

Cﬁ c .
measgurements; --u-g—dy from walke surveys
wake span

section profile—drag coefficient based on sectlon chord
from meassurements of flow in wake

pitching-mement coefficlent (M*/qSE)

angle of attack of root chord corrected for elr—flow mis—
alinement and Jet—boundary interference effects, degrees

Reynolds number (oVE/u}

Mach number {V/V,)

1ift
dreg

pitching moment sbout quarter-chord point of mean
aprodynamic chord

induced~drag coefficient
(0.01436C;2 + 0.0006C7, + 0,0003)
dynamic pressure of free stream (—%'pve)
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Both wing models were ‘misde of: lamine.ted. me.hoge.ny la,c uered. and

.sanded to a.smooth finish. The symms trical wing hed NACA 65(318)—019

" alrfoil -sections st the -cénter line end WACA 65,3-018 sections at the
corsbruction i'.ip, those secticns are ‘déscribed.in reference 1, The
modified wing in"orporated the same: basic 'bhickness profiles-as the
original wing but used. e reflex—cambered mean-line,. The mean line was
gimiler to that of the NACK 65 3618, airfoil with a 0. a—chora. pitech
control flap deflected upward to effect zero pi'bching mo:nent at zoero
1ift. The mean line for the modified wing was faired so that no break
“occwrred at the O, 8-chord station. Ordinates for the root and construc-
tion tip sections are given in ta‘ble I

o = c-— -

The winge Were pnac’cica.lly the same in geometry ‘and the sxact
“dimensiong for each wing are given in figure 1, Figure 2 ghows the
k -gymmetrical wing model installed. in the test section.. 'I'he wings
- viore-btosted without fla.ps, conbrol surfaces, la.nding gear, nacelles,
or other probu'berances. . . ;
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The tests wex'e cond.uc‘heci in the Langley 19—fobt pressure t1mne1
with the air compressed to a density of -approximately 0.0052 glug per
cublc foot., Valuss of dynamic pressure ranged from 20 'bo 145 pounds
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per square foot with the resulting Mach nmumbers varying from 0,08

to 0.21, Teats wore made over an angle-of-attack rangs from below zero
117t to boyond the stall, Measurements of 1ift, drag, and plitching
moment wers -obteined by means of a simzl'baneoue—recording balance
system. The profile drag was obtained both from force teste and from
surveys which determined the loss in momemtum of the wing weke. The
stalling characteristics were determined by observing the action of
strands of cotton thread attached to the upper surfage of the wings

on the rear 60 percent of the wing chord. Force tests and stall studies
vore also made with roughness applied to the leeding edge of each wing.
The roughness wes obtained by application of No. 60 (0.0ll—inch mesh)
carborundun grains to a thin layer of shellac over a surface length of
8 percent chord msasured from the leading edge on both upper and lower
surfeces. The gralns coverod 5 to 10 percemt of the affected area.

RESULTS AND DISCUSSION

‘All data have been corrected for the tare and interference
effects of modpl supports, for alr—flow misalinement, and for jJet-
" boundary inberference ‘effecta, In order t6 obtaln valuee of profile—
drag coefficient from force measuremsnts, the induced~drag coefficient
was compubed by the method described in reference 2, as follows:

,.c:D =oou36c2+ooooéc + 0,0003 ' .

' .The values of the conete.rrbs in the. formyla for CDi wore compubed.

‘beceude the charts glven in reference 2 do not epply for the twist
dietribution and tip shape of this wing. The 1lift distribution was
determined by the me'bhod. of references 3 and L,

- Effect of Gamber

Lift and stalling characterie’bics.— A comparieon of the
serodynamic and stalling characteristics of the two winge can be
obtained from figures 3 and 4, The lift—curve glopes for the two
wings were approximetely equal st 1ift coefficlents below 0.2 and
above 1.0. At values between these lift coefficlents the rate of
" change of -the: slope. for the symmetrical wing was essentially uniform
‘whereas the. slope: for the cambered wing remained constant up to a,
1ift coefficient of gbout 0.7, then decreased . abruptly and remained.
constant almost to the stall. In reference 1 the data for the
NACA 65,3-618 airfoil with the 0.20—chord flap deflected -10° are .
considered to spproximate the characteristics of the cambered wing
section whereas the dsta for the NACA 65,3018 ailrfoil sapply
directly as the symmetrical-wing section characteristics., A .
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comperigon of the data (reference 1) of each gpection with the data
- of the corresponding cumplete wing {fig. 3) indicates that the shape
‘of the 1ift curves sro similar., The meximum 1ift cosfficients of . the
. wings in the wmbtrimmed oondition were a.purozimately the . sama :

The stall patterns (fig. ) of the two wings were similar. -
As the angle of attack was increased, s cruss flow started near the
trailing edge of the center ssction of sach wing, This flow increased
in severity and espread outtoard until it was directly perpendicular
to the model cenber lins, Any reglon where the divection of spanwise
flow was forward of this perpendiculer was then interpreted ds being
a stalled arsa, Addition of cazber glightly delayed the cross flow
and the begimning of stelled regicns, bub once started the stall pro-
gressed more rapidly. For both wings the inlilal .sfell ocecurred at
the upper end of the low-drag renge. Differences in stwll progression
can be dirsctly corrolated wilth the dirferences in section character—
istfcs previously discussed. Thore was little tendency for the stell
to be intermittent until after the attitude of maximum 1ift coefficlent
had been reeched, at which time a swirling type of stall developed on
both wings.

Drag characteristicsg.—~ Figure 5 presents the. profile~drag coef-
flcient of the two wings as messurad by force tesbs and by momentum
loss of the wing wake., The results from the two experimental msthods
were in closs sgresment, Adding cariber to the wing alrfoils shifted
the upper 1imit of the low-drag remge from .Cp = 0.35 "to 0.65. Also,

the value of minimum dreg coefficient was slightly lower, probadly
because of small diffevences in the surface condition of the wings,
gince the section drasg data of reference 1 do not. show this benefit.
The drag values were higher for the cambered wing than for the
symmetrical wing from C;, = 0.80 to the stall.: This difference

in drag 1s characteristic of the airfoll sections and is associated
with the rates of stall progression. , .

A comperison of the section profile—dras coefficlents at several
veluss of 1ift coefficient is given in figure 6. Becanse of the Cross~
flow on the wing which dsveloped to & noticéable degree at values .of
11ft coefficlent above 0.5 (fig. L), the drag mbasuved at e given
gpervise station i1s not nscessarily the drag correspond.ing to the
gection at that gbation but may correspond to-a section farther inboard.

The pesks Indicated at 0.5§ for the cambered wing were found (after the

Burvey) to heave resulted from narrow flat areas on the leading edge of
the wing. _

Pitching-moment cg&“ac;b_gristicg.-_ﬁ:r'oﬁ;figﬁi‘é l?,'-:l‘c ié seon that
adding reflex camber to the wing d1d not chenge the trim at zero lift

since the values of pltching-moment coefflcient were identical for the
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two wings, In the low-drag range of lift coefficient, adding camber
moved the neutral point ahead about 2 percent of the mean aerodynamic
chord. At the upper extremes of the locw-drag range of each wing there
was a forward shift in the neutral point which often ocours with wings
of swept-back plan form operating at moderate 1lift coefficlents, This
shift was much more noticeable for the cambered wing than for the
symmetrical wing and was associsted with the previously discussed
behavior of the 1ift and drag curves and the stall progression, Near
maximum 1ift the pitching-moment coefficient was more positive for the
cembered wing than for the symmetrical wing by an asmount that varied
both with 1ift coefficlent and Reynolds number, In order to trim each
wing at its maximum 1lift coeffioient by deflecting a trailing-edge
control surface, & greater increment in 11ft coefficient would be
added for the cambered wing than for ths symmetrical wing. Tha result—
ing maximum 1lift coefficilent would, therefore, be slightly higher for
the cambered wing,

Effect of Roughness

The aerodynamic characteristics of both wings with end without
leading-ocdge roughness and at four Reynolds numbers are presented in
flguro 7. Stalling characteristics of the wings with roughness are
presented in figure 8,

Lift and stalling characterigticg.— The application of leading—
edge roughness decreased the value of dCp/da(Cy = 0) for both the
symmetrical and the camberod wing from 0,085 to 0.078 and 0,082 to
0.077s respectively, The average decrement in maximum 1ift wes 0,30
for the symmetrical wing and 0,26 for the cambered wing., The addition
of leading-edge roughness to each wing did not change its stall pattern
although the rate og stall progression accolerated, with a resultant
decrease of 4° or 5° in the angle of attack for maximum 1ift, The
stalled regions agein developed more rapidly on the cambered wing.

Drag characteristics.— Any drag benefits shown by adding camber
to the airfoll diseppeared when roughness was appllied, At values of
1ift coefficient below 0,3 the values of drag coefficient for the two
wings were identical., The comparative values of drag coefficient for
C1, > 0.3 were less for the symmetrical wing than for the cambered wing.
This effect of roughness illustrates the need for maintaining a smooth
surface condition in order that the benefit of a cambered mean line
may be utilized, '

Pitching-mament characteristice.-— At low values of 1ift coef-
ficlent, the application of leading-edge roughbness caused a lorward
shift in the neutral point of 1 to 2 percent of the mean aerodynamic
chord, At high values of 1ift coefficlent the neutral-point locations
were approximately the same with the wings rough as with the wings
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smooth, but the loss in maximum 1iPt coefficlent resulting from rough—

ness increased 'bhe rate of change of nsutral point with 1ift coefficlent.

V'aria'bion of Aerodynamic Characteristics _
with Reynold.s Num‘ber

Lift cheracteristlics.— The variation of ma.ximum 1irt coefficient
with Reynolds mumber is given in figure 9. With the wing smooth the
meximum 1ift coefficient incressed with increesing Reynolds number.
This increase was more pronounced for the symmetrical wing than for
"the cambered wing in the Reynolds number range of 3,000,000 to 5,000,000.
The resulte shown in figure 7 indlcate that at low values of 1lift
coofficlent the lift-curve slope is independent of Reynolds number.

At the high valuss of 1ift coefficient an increase in slope with
increasing Reynolds number is evidenced. With the wings rough, the
 maximum 1ift coefficient of both wings was essentlally independent of
" Reynolds mumber, (See fig. 9.)

Drag characteristics.— Figure 10 presents the veriation of
profile—drag cosfficiont with Reynolds number for the approximate
design conditions of high-speed (Cr, = 0.2) and cruising (Cy, = 0,7)

'flight. With the wings smooth, the profile-drag coefficlent at
Cr, = 0.2 increased with increasing Reynolds nwmber. An increase

in tummel air-stresm turbulence with Beynolds number is believed

$0 be partly responsible for this effect. Roughnese applied to the
leading edge of the wings initisted turbulent flow over the wing
surfaces and then the drag coefficient showed little change with
increasing Reynolds numbsr. From previous discussion and the curves
shown, the addition of camber to the symmetricel wing appeared to

heve 1ittle eoffect on the wing drag in the high-speed condition, In
the crulsing condition with the wings smooth the cambered wing still
partly reteined the low—drag qualities and thus maintained much lower
‘velueg of drag coefficient than 4id the symmetricsl wing. Applying
wing roughness to both wings reversed the situztion decldedly as pointed
out previously and also resulted in appreciable decreases in dreg with
inerease in Reynolds number. e :

Pitching-moment characteristics. With the wings both smooth
end rough, Increasing the Reynol&s number d1d not noticesbly af'fect
the piltching moment of the wings at low values of 1ift coefficient.
At eny given 1ift coefficient near the stall, the positive values

of gle:.e pitching-moment coefficient decreased with incressing Reynolds
numbey.
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CONCLUSIORS

From tests of two highly tapered moderately swept-back wing
models to determins the effect of changing the sirfoil section from
symwtrical profiles to reflex~cambered profiles, the following
conclugions were indicated: '

1, The upper limit of the low-drag reglon of the aerodynamicelly
smooth wings was shifted from a 1ift cosfficlent of about 0.35 to 0.65,
which allowed for a rYeductlion in the drag iIn the cruising condition.
With leading-edge roughnoss on the wings, the drag in the range of
11ft coefflclent sbove 0.3 was decldedly movre for the cambered wing.

2. The value of pitching-moment cocefficlent at zero 1lift did
not change bub the neubral point moved sheed 2 percent of the mean
eerodynamic chord., The forward shif't in nsutral point which was
obgerved at values of 1ift coefficlent above the low-drag rengs of
the wings wee mors severe for the cambered wing. Application of—
roughness had a dostabllizing influence on both wings.

3. The lift-curve slope for both wings decreased at the upper
end of the low-drag range. Thls decrease weas more definite and
pronounced for the cambered wing. )

4, Stalled srcas developed on both wings at the upper end of
the low-drag range. The velue of the meximum 1ift coefficient, if
the wings were trimmed, would be slightly higher for the cambered
wing even though the stall progression was more rapid.

Lengley Memorial Aeronautical Laboratory
Netional Advisory Cormittee for Aeronautics
Langley Fleld, Va., October 1, 1946 -
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TABLE I.~ ORDINATES FOR REFLEX-CAMBERED ATRFOIL
rétations and ordinates in percent choré]

Root Section Tip Section.
Station Ordinate Station Ordlinate
Upper Lower Upper Lower
* gurface surface surface surface
0.3 1.65 -0.69 0.3 1.562 -0.657
6 2,05 -1.,05 .6 1.937 -.991
1.0 2,45 -1.41 1.0 2.324 -1,339
2.0 3.26 ~1.99 2.0 3.085 -1.887
3 3.92 -2.42 3 3.711 -2.,288
h k.49 -2.79 4 4,259 -2,645
5 5.02 -3,13 5 L, 752 -2.962
8 6.33 ~3,97 8 5.995 ~3.758
10 7.06 -l 43 10 6.683 ~4.198
15 8.51 -5,39 15 8.056 -5.107
20 9.60 -6,15 20 9.092 -5.827
25 10.43 ~6.79 25 9.873 ~6.429
30 10. ~T.27 30 10,392 ~6,882
35 1.2 ~T.57 35 10,676 -7.169
39.5 11.32 ~T.70 39.5 10. 717 ~7.289
45 11.09 ~7.66 45 10.498 -7.258
50 10.61 ~T7.45 50 10,047 ~T.058
55 9.88 ~7.06 55 9.358 -6,68L
60 8,94 -5,52 60 8.463 ~5.173
65 7.80 -5.83 65 7.389 -5.522
70 6.56 -5,04 70 6,212 4,775
i) 5.25 ~4,16 Vi) 4,972 -3,938
80 3.91 -3,26 80 3.700 -3.089
85 2,58 ~2.35 85 2.444 -2.229
90 1.36 -1.48 90 1.285 51.403
93 .73 -.97 93 8,690 o932
95 .39 —-.67 95 8,367 —.633
96 .26 -.51 96 Z.ehh :—.uee
97 14 - 37 97 a® 135 o 346
98 .08 -.23 98 073 -,222
100 .04 -, 0k 100 &o 0

%In order to facllitate model construction, the ordinates for the rear
10-percent chord of the tip section were increased above these basic
values to provide a 0.1346-percent—chord trailing-edge radius

NATIONAL ADVISORY COMMITTEE FOR AERONAUTICS
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Fig. 4 ' NACA TN No. 1212

o
&

5 &|Cross flow in s
L2 1% N idirection of arrows .2 Ja
< . N e A
8 )% Ny Rough flow 5 %
= Intermittently 3% 8 7
8 / stalled S 17
e Completely © Sy
sjo 7 stalled =
o] 6 24 — 9% 6 24
Angle of‘ah‘acK,oc,deg Angle of attacK,oc,deg

c-8.7° C= 063 - 5.5

C=0.46

TV N ST
CRRZL % eSS 2 x 208 AL
KA L LA RN o) 5 0/'"4"2"'-"’
22525 X B0 00 I
A -

e,

93,
o3l
959,0,0,%
0100 10590,4, %
RS
2.4 ._o.o..o,u‘
KON

(a) Symmetrical wing . (b) Cambered wing,

HATIONAL ADVISORY
COMMITTEE FOR AEMMIUTICS

Figure 4.- Stalling characteristics of wings; R~4,680,000;
M=0./3.



NACA TN No. 1212 Fig. 5

028

024

020 .
s

o6 /

CD Symmetrical wing SJ
o
—— Porce tests —_—
—-&-— Momentum drag n J/Z
A

\‘

.0/2 | tests _\\% e’ ;/
29 ‘ )—r

008 ’

o of

\ Cambered wing
\\— —0O— Porce tests

A~ —-O--~ Momentium drag
" tests

004

<2 0 2 -4 6 . .8 1.0

c NATIONAL ADVISORY
L COMMITTEE FOR AERONAUTICS

Flgure 5.~ Effect of airfoll modificationson the profile~drag
coefficient; R=~1,800,000; M = 0.13.



Fig. 6 . NACA TN No. 1212

008
: = PN AT oI R
c B B e = oo ¢ con. 0 I n- D=2 ot B -
d0004 ¢ = -0.01 “:s#r Cp, = 0.0046 ¢y = 0.05 Wd& Cp, = 0.0049
o] [T | [ 11

008
M Y [ R A EENEN
cda.004 o = 0.0 op, = 0-0057 oy = 0.35 Cp, = 0005}
O T [ N

012 N -
o008 g A N /f\\& A
el
004 i | ETTILY i
‘ op, = 0.50 Cp,, =0+0089 G, = 0.56 i Cp,, = 0.0066
0 || || ||
f\é /9/3/’*?? L comma e
[~ N
il ST LA N
cay \{ AL
004 \‘[

Cp, = 0.70 Cp, = 0.0115 Cp, = 0.7 Cp, = 0.0098
L] (111 11T ]
100 Left 0 Right 100 100 Left 0 Right 100
Percent semispan Percentl semispan
(a) Symmetrical wing. (o) Cambersd wing.

Flgure 6.~ Variation of section profile-drag coefflcilent along spans R=l,760,000; M = 0.13.



I.ﬁ
by
wing smooth « e ”%?ﬂlﬁ

12 {;J}/

10

NS

Wing rou

.

B
)
\\\D\

N
NN
W[
‘D\
N
b\

N
X
N
\h\

&
AR
<]
R
™
N
\\
| N
~
L™

6 i 14m-4

T
A av A

S
N

. 4 ,f{ v
4 }%’ 77/4 ,3. kb{yg
AL FEEE vayaye

Approximato B N
— 1,800,000 o.ﬁ

1

[VI] 5

1 loorow L]
L 7,150,000 .13
- 7,950,000 .21

DAY Ay AmmmENr

-.2% / - A //ﬁ' Tl
¥ ﬁf w( Al

Vi
Pl dNs
4
i/

-4 0 8 12 16 20 D 4 8 12 16 20 24
0 0 K )
o @
Symetrical wing Ganbered wing

(r) Cp, ngaimet a.

Pigure.‘?.- Vurlution of werodynumic churacteristica with Reynolds mmbar with and without

leading-ocdgoe Troughnoas.

12T "ON N.I. VOVN

BJ, *314



032
| oyt [T e 13 s
i poissnie i A ML :
24| ovsa d wing, th L‘IJ ) / f r 7 r . F P f I
O b b sywmtrical wing, mmon A {/ l/f / / / / / I /
. 020 \
- iFIN 17 _ /0T
%o 16| 27 aar aK A7
i /)“ / / / A : 1// /
012 ).'._z"/ /F ‘/ [ /fl " ' /"i( )
2 > j/J g\p - /‘7/ A o d"‘-_ }/
008 1/ i if - /) /" -~ ;"
W ,./é ‘b\ »/ ,z/ 1':&“ v /r/ B} '-n.:h_..a"'{ ._)/tf/
Ty L _:a,-d"o" 2 g = e
004 = comeTIEE o comrrTis |
) 11T
2 02 4 6 8 [0 2 0 2 4 & 8 o
G -2 0 2 4 6 8 10 G 2 0 2 4 6 8 0
G G
(hlcno-alhuﬁ Op.

Flgure T.- Oontiomsd.

qy, “Brd

2181 "ON NI VOVN




T 1 | L,_
— Wing amooth — . —

!

;}__
/ﬂ”{_

7

g

/-2:5\. ’\\ !\\ N ) J X X ‘Rt\
Wing rough- h

e T R TR T TR TN TR VR

IEVERASEREERE! OB AR

- Iy HIRE IR N K]

° I )

1

Approximate R X M

ST %,,4 N
o 0 %?.- e
| ”gg."f’ Y /;x
J|
:
7
i
o

TTH"‘!’ -
//

li
Sikg
3
i

22 LY

P i
AN ARy, anni
T

"',4 i) o4 fic
o4 0 -04 04 - COMITTEE P8 AEMWAUTICS
# 0 0o - o 0 o
0, Gp
Symmotrical wing . Cagbared wing

{0) GI, agalnst c' .
Figars 7.- Goncluded.

2121 “ON NI VOVN

oL ‘31T



Fig. 8 NACA TN No. 1212
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Fig. 10 NACA TN No., 1212
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